A Ribonucleoprotein of Skeletal Muscle and its Relation to the Myofibril BY S. V. PERRY AND M. ZYDOWO* Department of BiocheMi8try, Univer8ity of Cambridge (Received 12 February 1959) From the work of a number of investigators there is evidence for the association of nucleic acid with preparations of certain myofibrillar proteins. This property is particularly marked in tropomyosin, which can be obtained from a variety of species and muscle types as a crystallizable complex, nucleotropomyosin, containing up to 20 % of nucleic acid (Hamoir, 1951 a, b; Sheng & Tsao, 1954) . Smaller amounts of ribonucleic acid have been reported to be present in purified myosin preparations (Mihalyi, Laki & Knoller, 1957; Mihalyi, Brodley & Knoller, 1957) . The significance of the ribonucleic acid associated with these proteins has been a matter for speculation, but the recent finding (Perry & Zydowo, 1958 , 1959 ) that a ribonucleoprotein is one of the components of the extra protein (Szent-Gyorgyi, Mazia & Szent-Gy6rgyi, 1955) suggests that the myofibrillar fraction of the cell may be the origin of the ribonucleic acid. This paper is concerned with the characterization of the ribonucleoprotein extracted from the myofibril and its relation to the distribution of ribonucleic acid in the muscle cell.
METHODS
Preparation of myofibrils and mnucle granule8. Myofibrils were prepared from the back and leg muscles of the rabbit and the breast muscles of the hen by the method of Perry & Grey (1956) , modified as described by Perry & Zydowo (1959) . Washed granular preparations were prepared from the same sources by the method of Perry & Zydowo (1959) .
Preparation of ribonucleoprotein. The dilute extra-protein fraction, prepared as described previously (Perry & Zydowo, 1959) , in 0-04M-KCI containing 6-7 mM-potassium phosphate buffer, pH 7-2, was adjusted to 0 1M-KCI by the addition of solid KCI and to pH 7-6 with M-2-amino-2-hydroxymethylpropane-1:3-diol (tris). This solution was run into a column of diethylaminoethylcellulose equilibrated with 01 M-KCI containing 0-02M-tris chloride buffer, pH 7-6, and the ribonucleoprotein eluted between 0-4 and 1-5M-KC1 was collected. This is fraction IV of Perry & Zydowo (1959) . The eluted ribonucleoprotein was exhaustively dialysed against distilled water, freeze-dried and stored at -150. All preparations and chromatographic separations were carried out at 10 to 20.
Fractionation of muscle. A weighed sample of minced fresh muscle was homogenized for 40-60 sec. in a small homogenizer of the Waring Blendor type with a known amount of medium (usually about 10 vol. of 0-25M-sucrose or 01 M-KCl-borate buffer, pH 7-1). From weighed portions of the homogenate, each containing about 2 g. of muscle, the following fractions were isolated.
(1) Nuclear-myofibrillar. This was the residue sedimenting after 15 min. at 800g, from which soluble proteins (sarcoplasm) and granular material were removed by suspending the residue from the first centrifuging in fresh medium and washing by centrifuging three times. (2) Granular. This fraction was sedimented by centrifuging for 2 hr. at 15 000 g the combined supernatant and washings separated from the nuclear-myofibrillar fraction. It was washed once by centrifuging again. (3) Sarcoplasmic. This fraction consisted of the combined supernatant and washings after removal of the granular fraction. It contained small amounts of granular material which could be sedimented by prolonged centrifuging at higher speeds. Fractionations were usually carried through in triplicate.
Chromatography. Diethylaminoethylcellulose was employed as previously described (Perry & Zydowo, 1959) . The sample of ECTEOLA-cellulose used (0-25 m-equiv. of N/g.) was prepared by Dr J. P. Waller in this Laboratory by the method of Peterson & Sober (1956) . Samples for fractionation on ECTEOLA-cellulose were equilibrated by dialysis against 0-01 M-potassium phosphate buffer, pH 7 05, and applied to a column of the cellulose prepared and equilibrated against the same buffer, as described for diethylaminoethylcellulose (Perry & Zydowo, 1959) . The column was developed by applying a gradient of KCI dissolved in 001 M-potassium phosphate buffer, pH 7.05. Chromatography was carried out at 1-2°. The chloride concentration of the eluate was estimated by titration with 0-02N-AgNO3 (Perry & Zydowo, 1959) . Application of KCI up to molar concentration eluted about 87 % of the total materialabsorbing at 260mSt that was applied. M-KOHwas required to elute the remaining material from the column.
Es8timation of bases in ribonucleoprotein. Separation of bases was achieved by hydrolysis of the nucleoprotein in 72% (w/w) perchloric acid, followed by chromatography on Whatman no. 1 paper as described by Wyatt (1951) with the modification that the hydrolysis was carried out for 2 hr. as recommended by Markham (1955) . The amounts of the bases eluted from the paper were estimated spectrophotometrically.
Estimation of nucleic acids. Whole muscle, rapidly removed from the animal and chilled in ice, was prepared for analysis by dissecting it free from obvious connective tissue.
A portion (0-5-1.0 g.) of muscle was homogenized in the MSE Masticator (Measuring and Scientific Equipment Ltd., London) with 20 vol. of absolute ethanol, the homogenate was transferred quantitatively to a centrifuge tube and usually washed twice with ethanol and two or three times with ether. Whole homogenates, prepared at 00 with a small homogenizer of the Waring Blendor type, myofibrils and tissue fractions were precipitated with at least 4 vol. of ethanol and subsequently washed by centrifuging twice with ethanol and twice with ether. In some instances the homogenates of whole muscle and the fractions obtained from them were precipitated at 00 with an equal volume of 15% (w/v) trichloroacetic acid before washing with ethanol. The air-dried residues were extracted three times at 00 with about 50 vol. of 2% (w/v) perchloric acid to remove nucleotides. These extracts were discarded and nucleic acids subsequently extracted four or five times with 30-50 vol. of 10% (w/v) perchloric acid at 700. The completeness of the extraction of both nucleotides and nucleic acid was ensured by measurement of absorption of the extracts at both 260 and 280 m1t.
Total P analysis was carried out by digesting up to 2 ml. of the 10% perchloric acid extracts with 0-5 ml. of 1ON-H2SO4. When the contents of the tubes had been concentrated to small volume by an initial heating, digestion was continued for 30 min. on an electric furnace to drive off the perchloric acid, and P estimated under the Fiske & Subbarow (1925) conditions. Ribose was estimated on the 10% perchloric acid extracts by the orcinol method as modified by Ceriotti (1955 (Brown, 1946) . The Dische (1930) reaction for deoxyribonucleic acids was found to be too insensitive for most of the 10 % perchloric acid extracts.
Other analytical methods. Tropomyosin was assayed by measuring the drop of viscosity under the influence of KCI as described by Perry (1953) and Perry & Corsi (1958) , and adenosine triphosphatase activity was measured by the standard procedure used in this Laboratory (Perry & Grey, 1956 Woodward (1944) .
RESULTS

Composition of ribonucleoprotein fraction
As isolated from the extra-protein fraction of rabbit myofibrils by chromatography on diethylaminoethylcellulose, the ribonucleoprotein (frac-tion IV, Perry & Zydowo, 1959) was soluble in water and when freeze-dried from salt-free solutions it was readily redissolved at pH 7 0.
Owing to difficulties in isolating sufficient quantities it was not possible, however, to establish precisely by rigorous tests the degree of homogeneity of the ribonucleoprotein fraction. By gradient-chromatography of the extra protein on diethylaminoethylcellulose the nucleoprotein was consistently eluted, at pH 7 6 in 0 02M-tris chloride buffer, as a sharp, fairly symmetrical peak at a chloride concentration of about 0 7 equiv./l. (Fig. 1) . Analysis of the fraction as eluted from diethylaminoethylcellulose between 0-4 and 1-5M-KCI, the standard procedure used for preparation of the ribonucleoprotein, gave N/P ratios ranging from 3-8 to 4-4. In the ultracentrifuge a sample obtained by combining the ribonucleoprotein isolated from three different preparations of extra protein gave a relatively slowly moving peak (S20, w. 2-6), from which a small faster component had partly emerged after 2 hr. at 59 000 rev./min. in 0 1M-KCI-0-05M-potassium phosphate buffer, pH 7-1.
The presence of protein in fraction IV was evident from the biuret test and the fact that the minimum of the ultraviolet-absorption curve ( Fig. 2) Much better separation of protein and RNA was obtained when the ribonucleoprotein was rechromatographed on ECTEOLA-cellulose (Peterson & Sober, 1956 ). Fraction IV dissolved in 10 mmpotassium phosphate buffer, pH 7-05, was held on ECTEOLA-cellulose and subsequent gradientelution with KCI gave two peaks (Fig. 3 ). The first and smaller peak, as judged by absorption at 280 and 260 mj., was eluted at a chloride concentration of 0.1 equiv./l., and the second at 0 3 equiv./I. For the first peak the ratio E26o/E280 barely exceeded 1, which from the data obtained by Warburg & Christian with enolase would indicate that less than about 5 % of nucleic acid was present. (72-5 ml.; Elcm. 13-2 at 280 m,) was concentrated by precipitation with saturated (NH4),SO4, and was dissolved in 0-1 M-KCl-0-02M-tris chloride buffer, pH 7-6, and applied to a column 27 cm. x 2 cm. diam. The bulk of the protein was previously removed by elution with 0 4M-KCl-0 02m-tris buffer, and a gradient to 2-OmKCl-002M-tris buffer was applied at the point A.
0, E280 ml,; chloride concentration. 
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The peak eluted at higher salt concentration had a ratio E260/E280 about 2 and was relatively pure RNA, although the minimum of the absorption curve was not exactly at 230 mp, which suggested that small amounts of protein were still present.
Ribonucleic acid component Earlier investigations (Perry & Zydowo, 1959) indicated that there was no significant amount of deoxyribonucleic acid in the ribonucleoprotein fraction. Quantitative chromatographic separation of the bases liberated by hydrolysis in 72 % (w/w) perchloric acid (Wyatt, 1951) showed the composition of ribonucleic acid obtained from myofibrils isolated from the mixed back and leg muscles of the rabbit to be relatively constant. These results are summarized in Table 1 , in which is also included the base analysis of the corresponding ribonucleoprotein isolated from myofibrils prepared from hen-breast muscle. The composition of the RNA is remarkably similar in both species and is characterized by a high-guanine and low-uracil content, features which are characteristic of RNA from most animal species.
Yeast nucleic acid which has been partly degraded by ribonuclease is, however, also characterized by a relatively high guanine content (Magasanik & Chargaff, 1951; Markham & Smith, 1952; Volkin & Cohn, 1953) , and it was suggested by Dr R. Markham that the high content of this purine in the myofibrillar RNA might be indicative of partial degradation of the muscle nucleic acid by action of intracellular enzymes during preparation. It seemed very unlikely that much degradation of the myofibrillar RNA had occurred, for all preparations were made at 00 and the ribonuclease activity of skeletal muscle is known to be very low (Bain & Rusch, 1944; Greenstein & Thompson, 1943; Roth & Milstein, 1952) . As a control experiment a solution of yeast RNA, previously purified to remove degraded material, was incubated for 2 hr. at 250 with a rabbit skeletal-muscle homogenate made in 041 M-KCI containing 39 m;-borate buffer, pH 7-1 (Perry, 1953) . No significant increase in acid-soluble material absorbing at 260 m,u could be detected after this incubation, and the ratio of the bases present in the acid-insoluble yeast RNA was unchanged.
Excellent agreement was obtained between the amount of ribose estimated by the orcinol method per ,ug.atom of total phosphorus in the ribonucleoprotein and that predicted from the base analysis. On the basis that only ribose which is purine-linked is estimated under the conditions of the orcinol reaction, the analyses in Table 1 far as it was estimated that 50 % of the total material eluted was in the peak eluted at the lower ionic strength.
The nature of the protein component was not established but the chromatographic behaviour of the bulk of the sarcoplasmic components, myosin, actin and tropomyosin (Perry & Zydowo, 1959; Perry, 1959, unpublished work) , all of which were eluted from diethylaminoethylcellulose at pH 7 6 by KCI at concentrations below 04M, suggested that it was not identical with any of these. In view of the fact that both tropomyosin and myosin preparations have been reported to contain RNA the possibility of the identity of the protein moiety with either of these myofibrillar proteins was further investigated. After equilibration by dialysis against 78 mM-borate buffer, pH 7-1 (Perry & Corsi, 1958) The absence of any adenosine triphosphatase activity and the solubility characteristics of the ribonucleoprotein strongly suggested, in addition to the facts given above, that myosin was not the protein associated with the nucleic acid.
Origin of the ribonucleoprotein
The ribonucleoprotein was found to be present in the extra-protein fraction of myofibrils isolated from rabbit skeletal muscle and from breast muscle of the hen, the only other species so far studied. This fact, coupled with the results of RNA determinations on isolated myofibrils (see Table 2 ), indicated that the ribonucleoprotein was a consistent and significant component of all myofibril preparations.
On extraction of myofibrils with the pyrophosphate-KCl solution (Hasselbach & Schneider, 1951) used in the preparation of the extra protein, about 60 % of the RNA, and protein consisting mainly of myosin and representing in all about 70 % of that present in the myofibril, passed into solution. As most of the RNA, however, stayed in solution when the (acto)myosin was subsequently precipitated from this extract it seemed that under these conditions at least there was not a particularly strong affinity between the two proteins. On the other hand, the bulk of the actin and tropomyosin could be extracted from myofibrils by treatment with 5 mM-tris chloride buffer, pH 8-1 (Perry & Corsi, 1958) , accompanied by only about 1.5 % of the myofibrillar RNA.
Formed elements in the cell which are known to contain ribonucleoprotein and which would conceivably contaminate the myofibrillar fraction are nuclei and the endoplasmic reticulum. Although nuclei are seldom seen in myofibril preparations the latter contained 630-970 /tg. of deoxyribonucleic acid phosphorus/g. of total nitrogen, indicating that appreciable contamination was present. The ratio of RNA to deoxyribonucleic acid (DNA) in nuclei does not, however, exceed 1: 4 (Dounce, 1955) , and it can be concluded from the RNA and deoxyribonucleic acid concentrations in myofibrils that probably not more than about 10 % of the total RNA is of nuclear origin.
Rabbit skeletal muscle contains few granules comparable in size with the mitochondria of liver and of the more oxidative muscles. Under conditions adequate to sediment the mitochondria in these tissues extremely low yields of granules are obtained from rabbit-muscle homogenates, and it is (2) difficult to decide upon the appropriate conditions to sediment the mitochondrial fraction to separate it from the fraction corresponding to the microsome fraction of other tissues. Although few granules were apparent in washed myofibril preparations, the possibility was considered that the myofibrillar ribonucleoprotein could arise from contamination with the small granules which can be seen on microscopic examination of sarcoplasmic extracts. The granules prepared from a muscle homogenate in 0-1 M-KCI-39 mM-borate buffer, pH 7-1, by centrifuging for 2 hr. at 15 000 g were extracted in the same way as for the preparation of the extra protein, and the resulting solution was chromatographed on diethylaminoethylcellulose in the manner used to fractionate the extra protein (Perry & Zydowo, 1959) . Fig. 4 illustrates the result of such an experiment and shows the relatively small amount of ribonucleoprotein which was extracted from these granules compared with that from myofibrils treated in the same way (Perry & Zydowo, 1959) . It was concluded that even if all of the granules sedimenting after 2 hr. at 15 000 g, which were originally present in the muscle, remained with the myofibrils during their preparation, the granules would account for only about one-fifth or one-sixth of the total ribonucleic acid usually found in the extra-protein fraction. This clearly excluded contamination with the larger granules as a source of the myofibrillar ribonuclear protein, as do also the fractionation studies described below.
Information about the endoplasmic reticulum has been obtained mainly with liver cells and chemical data about its presumed equivalent in muscle cells, the sarcoplasmic reticulum, is lacking. In most cells the bulk of the cytoplasmic ribonucleoprotein is associated with the endoplasmic reticulum fraction, which requires prolonged centrifuging at high speeds for sedimentation (Loftfield, 1957) . High-speed centrifuging of sarcoplasmic extracts from rabbit skeletal muscle did not yield a microsome fraction containing the bulk of the RNA of the cell (see below), but most of the RNA sedimented at low speeds with the myofibrillarnuclear fraction. The myofibrillar ribonucleoprotein did not arise from contamination with the sarcoplasmic proteins which are still present in wellwashed myofibrils, for little RNA could be demonstrated in the sarcoplasmic fraction either by analysis or chromatography. When the fraction of the cytoplasm not sedimented after 2 hr. at 15 000 g (consisting of the soluble proteins and probably some sarcoplasmic reticulum) is fractionated on diethylaminoethylcellulose no significant amounts of ribonucleoprotein are eluted at higher KCI concentrations (Perry & Zydowo, 1959) .
Distribution of nucleic acid within the muscle cell
Although the values in the literature for the nucleic acid content of muscle vary considerably from author to author, in all cases the amounts present are relatively low compared with those present in other tissues. An earlier study (Perry, 1952) indicated that significant amounts of RNA phosphorus were present in skeletal myofibril preparations, and Needham & Cawkwell (1957) VoI. 72 687 insoluble at lower ionic strengths, which presumably contains the contractile proteins of this tissue. More detailed investigation of the ribonucleic acid content of whole muscle and myofibril preparation indicated that even after repeated washings and centrifugings the myofibrils contained ribonucleic acid, which, if it was all associated with these structures in situ, represented almost half that present in the whole muscle (Table 2) . Satisfactory RNA ribose estimations were obtained with rabbit psoas muscle, but estimations on whole longissimus dorsi muscle and the granular and sarcoplasmic fractions isolated from it frequently suffered from interference owing to a brown which developed under the condition of the orcinol reaction for ribose. In consequence only very few satisfactory values for the RNA ribose content of longissimus dorsi muscle were obtained. Nevertheless these were comparable with the values obtained for the psoas. Considerable variation in values was noted between animals, as has also been reported for the rat by Schmidt & Schlieff (1956) .
To discover more precisely how the nucleic acid was distributed within the muscle cell, longissimus dorsi muscle, which formed the bulk of the tissue used for myofibril preparations, was homogenized both in 0 25M-sucrose and in 0I1M-KCI-39 mMborate buffer, pH 7d1, and separated into myofibrillar-nuclear and so-called granular and sarcoplasmic fractions (see Methods). Table 3 indicates the distribution of total nitrogen between these fractions and indicates the relatively small amount of nitrogen sedimenting after 2 hr. at 15 000 g, conditions far in excess of those required to sediment mitochondria in other tissues. It is difficult to generalize about muscle from experience with other tissues, but some microsomes might be expected to sediment in this granular fraction. In one experiment, on further sedimentation of the sarcoplasmic fraction obtained by homogenization in 0-1M-KCI-39 mM borate buffer, pH 7-1, an amount of material representing 1-7 mg. of nitrogen/g. wet wt. of muscle was obtained after 1 hr. at 100 000 g, conditions which would be expected to sediment the microsome fraction. It is worth noting that the sarcoplasmic fraction was a smaller proportion of the total nitrogen when fractionation was done in 0 25M-sucrose rather than in the ionic medium.
The total phosphorus determinations made on hot 10% perchloric acid extracts of the fractions clearly indicate that about 70 % of the total nucleic acid was carried down with the myofibrillar fraction irrespective of whether sucrose or an ionic medium was used for fractionation (Table 4) . From the limited ribose determinations obtained it appears that about 60 % of the ribonucleic acid is likewise associated with the myofibrillar-nuclear fraction. These results apply in both ionic or nonionic media; in fact rather more nucleic acid is sedimented at low speeds when the homogenate is made in 0-25M-sucrose than when it is made in the KCl-borate buffer medium.
DISCUSSION
In the rabbit skeletal-muscle cell a large part of the total RNA is associated with the myofibrillarnuclear fraction obtained on low-speed centrifuging of homogenates of this tissue. Mihalyi, Brodley & Knoller (1957) suggest that a heat-stable protein present in their preparation bears some resemblance to tropomyosin.
The base analyses of the ribonucleic acid component from nucleotropomyosin of various fish muscles (Hamoir, 1951 b; Tarr, 1958) are also similar to those of the rabbit and hen myofibrillar nucleoprotein. It is likely that nucleotropomyosin is a complex of tropomyosin with ribonucleoprotein rather than with ribonucleic acid alone.
From the limited studies carried out, the protein moiety of the isolated nucleoprotein does not appear to be identical with myosin or tropomyosin, and in view of the ease with which the ribonucleoprotein can be separated by chromatography from myosin (S. V. Perry, unpublished work) and tropomyosin (Perry & Zydowo, 1959) , its association with them need not indicate any special significance other than that under conditions for their extraction, the ribonucleoprotein is also extracted and 44 shows some non-specific affinity for both these proteins.
It is difficult to determine the precise localization of the ribonucleoprotein in the muscle cytoplasm. The results exclude nuclear contamination from contributing more than a small fraction of the total myofibrillar RNA, but do not allow us to decide whether the RNA is built into the filamentous structure of the myofibril or is preferentially localized in some other cytoplasmic element such as the sarcoplasmic retioulum which may be attached to the myofibrils or sedimented with them. A number of workers have produced cytoehemieal evidence for the localization of nucleic acid in the myofibrils. Clavert, Mandel, Mandel & Jacob (1949) claimed to show a specific histoohemicalstaining reaction for RNA in the A band of myofibrils, whereas Caspersson & Thorell (1942) observed in the I band a concentration of material absorbing at 259 m, which could be due either to nucleotides or to nucleic acid. Further, Gerendas & Matoltsy (1948) isolated from muscle nucleoproteinlike material which they considered played a part in producing the characteristic birefringent pattern of the myofibril. None of these studies distinguishes between ribonucleoprotein material actually built into the myofibril structure rather than material in other fine structures which may be overlying it.
The studies carried out on the RNA distribution indicate that in muscle homogenates in 0-1 Mpotassium chloride-39 mM-borate buffer, pH 7-1, or in 0-25mr-sucrose, the bulk of the cytoplasmic RNA does not sediment in a manner comparable with that of the microsome fraction of liver. On fractionation of muscle the myofibrillar-nuclear fraction contained about 60 % of the RNA of the whole muscle. Some of this nucleic acid may have been lost from myofibrils during the repeated washing and centrifuging employed to purify preparations, for the average RNA content of such preparations is somewhat lower than that of the myofibrillar-nuclear fraction. If this lower figure is taken, and assuming that 1 g. of fresh muscle contains 20mg. of myofibrillar nitrogen, about 40 % of the total RNA in the cell would be associated with the myofibrils.
Electron-microscope studies have shown reticular material to be abundant and associated with the myofibril in a characteristic fashion in certain types of muscle (Porter & Palade, 1957) . This is a marked feature of Ambly8tomna skeletal muscle, but in rabbit skeletal muscle sarcoplasmic reticulum is relatively scarce, judging from the electronmicroscope studies in the literature, and the structures which are characteristic of Ambly4etomra reticulum have not been reported. If there is an association of ribonucleoprotein-rich reticulum Bioch. 1959, 72 with the myofibril it would be expected to be sedimented at low speeds with the myofibrillar-nuclear fraction. Thus in the ease with which ribonucleoprotein-rich material can be sedimented from homogenates muscle resembles hen oviduct tissue (Hendler, 1956 ) but differs from most animal tissues.
The relatively low ribonucleic acid content of muscle agrees with the observation (K. R. Porter, personal communication) that small granules comparable with the ribonucleoprotein-rich particles associated with the endoplasmic reticulum of other tissues are much less abundant in muscle.
In the ratio of protein to nucleic acid at least the myofibrillar ribonucleoprotein resembles the microsomal ribonucleoprotein particles obtained from other tissues, although its sedimentation behaviour suggests that it is considerably smaller than the microsomal particles ofcharacteristic sediimentation velocity which have been reported in the literature (see Tissieres & Watson, 1958 , for review). It is not unreasonable to expect the muscle cell, with its special problem of synthesis of the myofibrillar proteins, to have an intimate association between ribonucleoprotein and the myofibrils. The ribonucleoprotein of the myofibrils may fiulfil a role in the synthesis of the contractile proteins comparable with that accredited to the ribonucleoprotein of the endoplasmic reticulum of other cells, and it is hoped to explore these possibilities in future work. SUMMARY 1. A ribonucleoprotein has been isolated as a minor component of skeletal-muscle myofibrils and characterized.
2. Ribonucleic acid of the high-guanine, lowuracil type constitutes about 50 % of the nucleoprotein.
3. The bulk of the protein component does not appear to be identical with the known myofibrillar proteins.
4. In muscle homogenates about 60 % of the total ribonucleic acid in the cell sediments at low speeds of centrifuging and most of this nucleic acid is associated in some way with the myofibrils.
